ABSTRACT It has been proposed that the natural cysteine peptidase inhibitor ICP of Leishmania mexicana protects the protozoan parasite from insect host proteolytic enzymes, thereby promoting survival. To test this hypothesis, L. mexicana mutants deÞcient in ICP were evaluated for their ability to develop in the sand ßy Lutzomyia longipalpis. No signiÞcant differences were found between the wild-type parasites, two independently derived ICP-deÞcient mutants, or mutants overexpressing ICP; all lines developed similarly in the sand ßy midgut and produced heavy late-stage infections. In addition, recombinant L. mexicana ICP did not inhibit peptidase activity of the midgut extracts in vitro. We conclude that ICP has no major role in promoting survival of L. mexicana in the vectorial part of its life cycle in L. longipalpis.
Leishmania parasites are digenetic protozoa that alternate between an intracellular, aßagellated amastigote stage in mammalian macrophages and a ßagel-lated promastigote in the sand ßy (Diptera: Phlebotominae). In the insect vector, Leishmania are conÞned to the digestive tract; they transform between a series of physiologically and morphologically distinct stages as they migrate from the digested blood meal to the ectoperitrophic space and then anteriorly from the abdominal midgut to the stomodeal valve (for review, see Kamhawi 2006 .
Leishmania produce natural inhibitors of cysteine peptidases (ICP), which are homologous to ICP of Trypanosoma brucei and to chagasin of T. cruzi (Monteiro et al. 2001 , Sanderson et al. 2003 , Besteiro et al. 2004 . ICPs are potent and speciÞc inhibitors of Clan CA C1 family cysteine peptidases, such as papain, mammalian cathepsin L, and the CPB cysteine proteinase of L. mexicana (Sanderson et al. 2003) . In T. cruzi, chagasin was shown to bind to endogenous cysteine peptidases and regulate their activity (Monteiro et al. 2001 , Santos et al. 2005 ). In T. brucei, ICP seems to regulate cystein peptidase activity and thus inßu-ence surface coat exchange during differentiation, degradation of internalized IgG, and parasite infectivity (Santos et al. 2007 ). We have previously studied the biological role of leishmanial ICP inhibitor by using L. mexicana lines that either lack or overexpress the natural inhibitor (Besteiro et al. 2004) . The data we obtained suggest that ICP does not modulate the activity of the parasiteЈs own cysteine peptidases and does not participate in their normal trafÞcking. Instead, the Þnding that ICP partially co-localizes intracellularly with an endocytosed cysteine peptidase initially present in the external medium led us to postulate that ICP could have a role in protecting the parasite against the hydrolytic environment of the parasitophorous vacuole of the host macrophages and/or sand ßy midgut. The experiments studying the protective role of ICP in the mammalian host gave a complex set of results. ICP-null mutants had a reduced infectivity to mice but were as infective to macrophages in vitro as wild-type parasites, whereas mutants overexpressing ICP showed markedly reduced virulence in mice (Besteiro et al. 2004) . These ICP overexpressing Leishmania were shown to secret the inhibitor and to have a protective effect by inducing a switch toward a Th1 immune response in the mammalian host (K. Bryson, S. B., J.C.M., and G.H.C., unpublished data).
Because ICP is expressed at highest levels in the procyclic promastigote stage of the life cycle, the parasite form occurring during the early-stage infections in the insect vector (Sanderson et al. 2003) , we hypothesized that ICP may also play a role during the vectorial part of the Leishmania life cycle. Thus, we studied the development of genetically modiÞed L. mexicana ICP cell lines in the sand ßy vector Lutzomyia longipalpis. This sand ßy species does not transmit L. mexicana in nature. However, it is a permissive vector (Volf and Myskova 2007) , susceptible for L. mexicana, and frequently used as its laboratory vector (Rogers et al. 2004 ). In addition, recombinant L. mexicana ICP was tested for inhibitory effects on peptidase activity in midgut extracts of blood-fed L. longipalpis females.
Materials and Methods
Sand Flies. Leishmania longipalpis (a colony originating from Jacobina, Brazil) was maintained at 26ЊC under a 14/10 light/dark photoperiodicity in standard conditions (Benkova and Volf 2007) . Adults had permanent access to cotton wool soaked in 50% solution of honey in destilled water.
Leishmania Development in Sand Flies. Five lines derived from Leishmania mexicana MNYC/BZ/M379 were used: wild type (WT), ICP null mutant clone 1 (⌬icp1), ICP null mutant clone 3 (⌬icp3), ICP overexpressor (⌬icp [pXG ICP]), and ICP re-expressor (⌬icp::P RRNA ICP). In the null mutants, the ICP gene was deleted by homologous recombination. In the re-expresser line, the ICP was re-expressed in ⌬icp3 from an integrative vector, providing a level of expression similar to that in the wild type. In the ⌬icp [pXG ICP] line, the ICP was expressed from an extrachromosomal vector, and this resulted in a Þve-fold higher expression in procyclic promastigotes than in the wild-type parasites through selection with neomycin (G418; Gibco, Karlsruhe, Germany) at 50 g/ml (for more details see Besteiro et al. 2004 ). Parasites were maintained in medium 199 (Sigma, St. Louis, MO) supplemented with 20% (vol:vol) fetal calf serum (Gibco) and gentamycin (50 g/ml). Female L. longipalpis sand ßies were fed through a chickskin membrane with 4-d-old promastigotes (density of 10 6 cells/ml) in deÞbrinated and heat-inactivated rabbit blood. Blood-engorged females were separated, maintained at a constant temperature of 25ЊC with access to cotton wool soaked in 50% solution of honey in destilled water, and killed for microscopic examination on days 2, 4, and 7 after the blood meal. Parasite density was graded according to accepted criteria (Myskova et al. 2008) , i.e., Ͻ100, 100 Ð1,000, and Ͼ1,000 parasites/gut as low, medium, and heavy infection, respectively. Data were evaluated statistically by means of a 2 test using the S-PLUS 2000 program. Effect of ICP on Sand Fly Midgut Peptidase Activity. Leishmania mexicana recombinant ICP was tested for inhibitory effects on peptidase activity of the sand ßy midgut extract. Recombinant L. mexicana ICP was produced as described in Sanderson et al. (2003) . Activity of the extract was measured by a ßuori-metric assay with the substrate Z-Phe-Arg-AMC.HCl (Bachem, Switzerland). Midgut extracts were dissected from L. longipalpis females 48 h after blood feeding on a BALB/c mouse. Pools of 10 guts in 100 l of Tris buffer were homogenized, cleared by centrifugation (10,000 rpm, 5 min, 4ЊC), and stored at Ϫ70ЊC. Total protein concentration in the supernatant was determined using the Bradford assay (Bio-Rad, Hercules, CA). The midgut extract diluted in acetate buffer (0.1 M sodium acetate, pH 5.0; 2 mM EDTA; 1 mM DTT) was incubated with the substrate for 10 min at room temperature. The Þnal concentrations were 5 mg/liter of protein for midgut extract and 20 M for the substrate. Fluorescence of released amidomethylcoumarin (AMC) was measured by a ßuorometer (FluoroMax-3; Horiba Jobin Ivon, NJ). In control samples, the midgut extract was replaced by papain (Sigma, Þnal concentration 0.1 U/liter). ICP (in concentrations of 5, 50, and 500 nM) was mixed with the sample (diluted extract or papain) 5 min before the incubation. In negative controls, ICP was replaced by buffer. The same assay was performed also in Tris buffer (0.1 M Tris; 0.15 M NaCl; 2 mM EDTA; 1 mM DTT; pH 7.8) with an extract concentration of 0.05 mg/liter. The experiment was repeated twice. Data were evaluated statistically by means of analysis of variance (ANOVA) test using the S-PLUS 2000 program.
Results and Discussion
We compared the development in sand ßies of wildtype L. mexicana promastigotes with the following ICP transgenic cell lines: two L. mexicana ICP null mutants clones (⌬icp1, ⌬icp3), a re-expresser (⌬icp::P RRNA ICP), and an overexpresser (⌬icp [pXG ICP]). Altogether, 13 experiments were performed, and 1,420 Lutzomyia longipalpis females were dissected. Leishmania infection rates and intensities of infections are summarized in Figs. 1 and 2 .
No signiÞcant differences were found in infection rates (percentage of infected females) between the wild-type parasites and ⌬icp1 null mutant at day 2, 4, or 7 (P Ͼ 0.05). Both wild-type and ⌬icp1 lines developed well, colonizing the thoracic midgut and the stomodeal valve, and produced ϳ60% of heavy late stage infections on day 7 after infective blood meal (p.i.) (Fig. 1) . Similarly, in the second series of experiments (Fig. 2) , there were no signiÞcant differences in infection rates in all three intervals tested between wild-type, ⌬icp3, and ⌬icp [pXG ICP]. Infection rates differed signiÞcantly only between the wild-type line and ⌬icp::P RRNA ICP line on days 4 and 7 p.i. (P Ͻ 0.05 and P Ͻ 0.01, respectively) but not on day 2 p.i. On day 7 p.i., heavy late-stage infections with parasites colonizing the stomodeal valve ranged in the four lines from 55 to 75% (Fig. 2) .
We went on to test the inhibitory effect of the recombinant ICP on sand ßy midgut cysteine peptidases using Z-Phe-Arg-AMC, a cysteine peptidase substrate (Tchoupe et al. 1991) . Recombinant ICP was shown to be active in conditions of the assay, as observed by the complete inhibition of papain (positive control; Fig. 3) .
However, ICP did not inhibit signiÞcantly any of the peptidase activity that could be detected in the midgut extract (P ϭ 0.65). Figure 3 shows the results obtained for assay at pH 5.0, and similar results were obtained also at pH 7.8 (data not shown).
The interaction between sand ßy peptidases and Leishmania has been recognized for some time (Schlein and Romano 1986) , and the ability of the parasites to survive the lytic attack of the midgut peptidases is one of the earliest determinants of vector competence (reviewed by Kamhawi, 2006) . Data obtained by several authors imply that the proteolytic activity affects the vector susceptibility and may interfere with Leishmania development (Borovski and Schlein 1987 , Pimenta et al. 1997 , Schlein and Jacobson 1998 , Volf et al. 2001 , Ramalho-Ortigão et al. 2003 ). Blood feeding is known to upregulate the expression of midgut peptidases, which seem to reach peak activities ϳ2 d after feeding (Borovski and Schlein 1987 , Dillon and Lane 1993a , Volf et al. 2001 . In Phlebotomus papatasi, Ramalho-Ortigão et al. (2003) characterized six serine peptidases: one of four trypsin-like and both chymotrypsin-like enzymes were induced by the blood meal. In L. longipalpis, trypsin-, chymotrypsin-, carboxypeptidase-, and astacin-like metalloprotease transcripts were identiÞed, most of them being more abundant after blood feeding (Telleria et al. 2007 , Jochim et al. 2008 .
Leishmania species have evolved strategies for overcoming the harmful effects of digestive enzymes in competent vectors, inhibiting or retarding the peak activity of these enzymes. In its natural vector P. papatasi, infections of L. major reduced or delayed the peak of proteolytic activity of midgut enzymes Infection rates and intensity of infection of L. mexicana wild-type (WT) and ICP null mutant clone 1 (⌬icp1, in graph as ⌬ICP1) was studied in sand ßy midgut on days 2, 4, and 7 after infection. Data from Þve experiments were pooled, and the 2 test was used for comparison of rates of infection. Infections were classiÞed into three cathegories: heavy (Ͼ1,000 promastigotes per gut), black bars; moderate (100Ð1,000), striped bars; light (1Ð100), dotted bars. Numbers above the bars indicate the number of dissected females. and ICP overexpresser (⌬icp [pXG ICP] , in graph as ⌬OE) in sand ßy midgut on days 2, 4, and 7 after infection. Data from eight experiments were pooled, and the 2 test was used for comparison of infection rates between wild type and other lines (*P Ͻ 0.05; **P Ͻ 0.01). Intensities of infections were classiÞed into three cathegories: heavy (Ͼ1,000 promastigotes per gut), black bars; moderate (100Ð1,000), striped bars; light (1Ð100), dotted bars. Numbers above the bars indicate the number of dissected females. (Schlein and Romano 1986 , Borovski and Schlein 1987 , Dillon and Lane 1993b . The mechanism of this effect was not clear; some authors suggested that glycoconjugates secreted by promastigotes or expressed on promastigote surface are involved (Pimenta et al. 1997 , Schlein and Jacobson 1998 , Sacks et al. 2000 . Recent results from sand ßy midgut transcriptome studies suggest that Leishmania parasites also affect the expression proÞle of some midgut proteolytic enzymes through action at the transcription level , Jochim et al. 2008 .
This study showed that recombinant L. mexicana ICP does not inhibit midgut peptidase activity of bloodfed Lutzomyia longipalpis females in vitro and that the overexpression or lack of ICP does not affect the development L. mexicana in the sand ßy. This correlates with the fact that cysteine peptidase activities have not yet been detected in the midgut of blood-fed sand ßy females and that serine peptidases are thought to be responsible for most of the proteolytic activity there Lane 1993a, RamalhoOrtigão et al. 2003) . Our Þndings also fall in line with the results of Jochim et al. (2008) , who did not detect any cysteine peptidase cDNA in the midgut transcriptome of L. longipalpis. They can also be linked with the feeding habits of the sand ßies; they rely on blood feeding for protein acquisition and use serine peptidases for digestion, like other bloodsucking diptera. In contrast, coleopterans, which acquire proteins by plant feeding, are mainly using cysteine peptidases as their digestive enzymes (Wolfson and Murdock 1990) . Plant tissues are rich in serine peptidase inhibitors, and this might have driven evolution toward the use of cysteine peptidases instead of serine peptidases in plant-feeding insects. Consistent with this, recombinant chagasin has been successfully used to inhibit the larval development of cysteine peptidase-containing coleopteran Acanthoscelides obtectus (Dos Santos Monteiro et al. 2008 ).
In conclusion, our data showed that L. mexicana ICP apparently has no role in the vectorial part of the life cycle of the parasite in L. longipalpis; hence, its role in modulating host peptidases seems to be limited to the mammalian phase of its life cycle. Fig. 3 . Effect of recombinant ICP on peptidase activity in L. longipalpis midgut extracts (pH 5.0). Experiment was repeated twice. Data from one representative experiment are shown. SD is indicated by error bars. i0, midgut extract/papain without inhibitor; i5, papain plus ICP 5 nM; i50, midgut extract/papain plus ICP 50 nM; i500, midgut extract plus ICP 500 nM; substrate, Z-Phe-Arg-AMC; RFU, relative ßuorescence unit.
